Check for
updates

Received: 30 January 2020 Revised: 22 June 2020 Accepted: 29 June 2020

DOI: 10.1002/eng2.12252

RESEARCH ARTICLE WILEY

Process optimization of high entropy alloys by laser
additive manufacturing

Modupeola Dada'® | Patricia Popoola! | Ntombi Mathe? | Sisa Pityana!? |

Samson Adeosun® | Olufemi Aramide! | Thabo Lengopeng'?

!Chemical, Metallurgical and Materials
Engineering, Tshwane University of
Technology, Pretoria, South Africa

Abstract

Aerospace components and their coatings are required to possess excellent sur-
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face properties over a wide temperature range. Stainless steels, titanium, nickel
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superalloy, and more recently high entropy alloys (HEAs) have been used to
improve the exterior properties of these components. In this study, AlTiCrFe-
CoNiand AICoCrFeNiCu HEAs were successfully fabricated using laser additive

manufacturing to produce coatings on an A301 steel base plate. The influence
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of the laser parameters (laser power and scan speed) on the microstructure and
hardness properties were also investigated. The results revealed that coatings
homogeneously adhered to the baseplate. The optimum processing parame-
ters for both alloys with defect-free structures at a preheat temperature of
400°C, were at 1200-1600 W at 8-12 mm/s with the layers composed of both face
centred-cubic (FCC) and body centred-cubic (BCC) phases. The laser param-
eters affected the quality and hardness properties of the alloys. The results
showed that optimizing the laser parameters achieved by preheating tempera-
ture invariably improved the performance of the alloys with potential coatings
and structural applications.
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1 | INTRODUCTION

Manufacturing technologies are an important aspect of the industrial framework because, through them, fabrication
of components for service industries such as; aerospace, energy, nuclear and automobile is accomplished.!> These
technologies can be categorized into traditional subtractive and formative, with newer technologies such as additive
manufacturing.3* Additive manufacturing (AM) is a process of joining materials to make parts from 3D model data,
using layer upon layer.> This process is currently a preferred alternative to conventional manufacturing techniques
owing to its many advantages such as its ability to manufacture complex parts using hard to machine materials such
as titanium alloys.®® There are several AM techniques classified by their energy source (arc, electron, and laser beam),
method of feed material (powder bed, blown powder) and the feedstock (sheet, wire, or metal powder).>!? Laser additive
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manufacturing (LAM) facilitates the fabrication of three-dimensional products with fewer defects through the optimiza-
tion of its process parameters such as laser power, scanning speed.>!° The process is flexible, versatile, and customized,
allowing for the manufacturing of more complex and intricate structures.>!! However, this technique can be suscepti-
ble to defects creating the need to optimize process parameters and improve the overall quality and properties of AM
products.!14

The laser energy source of AM has become an effective direct energy deposition method used in producing geometries
with small heat-affected zones.!>16 The direct energy deposition or powder blown method is used for creating coatings or
cladding on the surface of a chosen substrate/baseplate as well as build up components.!”-1° The first set of materials used
for systematic studies of LAM ranged from stainless steels, aluminum to nickel and titanium alloys,?®* however, due to
the shortcomings of these materials; low strength at elevated temperatures, little or no corrosion and wear resistance to
name a few, there has been a need to use other materials such as high entropy alloys. High entropy alloys (HEAs) are
materials that are composed of at least five metallic components with a molar atomic concentration within a range of
5-35at% .22"2* Recently, HEAs are used and reported to be more durable, ductile, and flexible than some titanium and
steel alloys .232° Their excellent strength at elevated temperatures makes them potential materials for coatings in high
temperature and corrosive environments, and refractory materials for aero-engine parts.6-28

Tong et al® synthesized Al,CoCrCuFeNi HEAs with molar ratio (x = 0-3.0) using casting and arc-melting method
and the results indicated that the alloy’s wear resistance was as high as that of SKD 61 steel. This was attributed to the
excellent work hardening ability of the alloy. Kao et al*® prepared the most studied AlxCoCrFeNi HEA using vacuum
arc melting to investigate the magnetic, electrical, and thermal properties of the amalgam. The alloy showed a single
FCC and a single BCC phase structure from X-ray diffraction studies, and there were no stress-induced phase transfor-
mations during deformation. The authors stated that the alloy’s main strengthening mechanism is also work hardening
and that the hardening ability of the alloy was twice in the FCC than in the BCC phase. Although these alloys are usually
cast, there have been reports of oxides formation hindering the improvement of its mechanical properties caused by the
manufacturing route adopted.3!

In this case, alternative methods are required to fully take advantage of the benefits of HEAs. For instance, Zhou
et al®? fabricated HEAs using Selective Laser Melting (SLM); the authors reported that the SLM parameters influenced
the density and the grain size of the alloys showing that improved properties can be achieved through the optimization
of processing parameters. Jiang, et al® investigated the fabrication and characterization of AICoCrFeNiNbx HEA coat-
ings produced by laser cladding. The study revealed that the microstructures of the alloy transitioned from equiaxed
grain to hypoeutectic, from hypoeutectic to full eutectic and then to hypereutectic as the composition of Nb varied from
0 to 0.75 at%, attributed to the cocktail effect of the alloys. Zhu et al** fabricated HEA using AM and they attributed
the excellent ductility and high strength to the manufacturing process. The cellular structures obtained using SLM con-
tributed to the strength via dislocation hardening while the ductility was achieved through strain hardening in the
as-built samples compared with conventional methods. Popov et al®> used elemental blends in fabricating HEA via
selective electron beam melting and stated that the use of this processing route was less complicated than the powder
metallurgy technique or other conventional methods. Also, when the parameters were not optimized, defects such as
residual porosity were detected and the study recommended using heat treatment to get lower porosity levels. How-
ever, their emphasis was on the importance of optimizing the process parameters. On the other hand, Chao et al®®
produced AlxCoCrFeNi HEA by laser coating and stated that clads were defect-free with isothermal treatments at 1000°C
and optimized process parameters with minimal dilution and an increase in the hardness values of the composition.
Mahamood and Akinlabi3” suggested using statistical modeling as an optimization tool and the authors argued that
the method was cost-effective yet technical in nature. Aboutaleb et al®® used experimental data from previous studies
as an optimization tool and they reported that it was time and cost-effective however, the results also had to be veri-
fied through simulated modeling. Baturynska et al> also used simulation by finite element methodology and a machine
learning technique as optimization tools stating that both methods were effective yet very technical. Popov et al® on
the other hand, did not carry out optimization at first and noticed residual porosity after fabrication then the authors
tried to use heat treatment as a post-optimization tool and they experienced undesirable compositional changes in their
alloy.

According to Hofman,*#! the three most important processing parameters to ensure the quality of the alloys are the
laser power, the scanning speed and the powder feed-rate.

The laser energy density given by Equation (1) is supplied by a laser beam in unit volume has a significant impact
on the analysis of the microstructure and properties of materials.*? There are three energy densities, namely; area, linear
and volumetric.
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According to Olakanmi et al,*3

p

E=
vxd

(€]

where p the laser power is in W, v is the laser scanning speed in mm/s, d is the beam diameter in mm and E is the laser
energy density in J/mm?2.

These process parameters have the greatest influence on the overall quality and properties of the coatings. Service-
ability of alloys manufactured using LAM also hinges on their microstructure and mechanical properties.>*4> Laser
deposition has been reported to be used for the production of end-use parts using titanium, nickel, and steel due to its
many advantages over conventional methods, however, there are limited publications on the use and application of HEAs
for aerospace structural applications using this technique. Since the desired performance of the LAM process depends
primarily on its process parameters, the optimization of the process parameters is essential to achieve the desired proper-
ties of HEAs for aerospace applications. Most optimization studies using LAM did not use preheating temperature as an
optimization tool. This study, therefore, proposes the use of preheat temperature as an optimization tool and investigates
the effect of the variation of laser power, scan speed, and the concept of laser energy density on the microstructure, and
hardness properties of AICoCrFeNiCu and AlTiCrFeCoNi HEAs fabricated by LAM for aerospace applications.

2 | EXPERIMENTAL PROCEDURE
2.1 | Materials

Tables 1 and 2 show the chemical compositions of the AICoCrFeNiCu (Cu-based) and AlTiCrFeCoNi (Ti-based) HEAs
(16.6 at%) powder mixtures of Al, Co, Cr, Fe, Ni, Cu and Al, Ti, Cr, Fe, Co, Ni with purities above 99.9%. The powders were
commercially supplied by F.J Brodmann & CO., L.L.C, USA, and they were used as-received without modification. Before
deposition, the A301 steel baseplates were sandblasted to increase absorptivity of the laser beam and minimize reflection
of the laser radiation; this improves the bonding strength between each alloy and the baseplate. After sandblasting, the
surface of the baseplate was cleaned with acetone and air-dried before laser deposition to remove contaminants.

2.2 | Design of experiment

To achieve optimized process parameters, two stages of experiments were carried out using design of experiment {D.O.E}
approach to develop different combinations of processing parameters as shown in Tables 3 and 4. Table 5 shows the laser
process parameters used in this study as derived from the Design-Expert v11 software. The criteria for selecting the opti-
mized parameters were centered on homogeneity in clad layer and defect-free microstructures using two factors, namely;
laser power (P) and scan speed (mm/s) at three levels respectively.*¢#” The optimization tests were carried out varying
the laser power from 600 to 1000 W at a scan speed from 4 to 12 mm/s for stage 1 of the experiment and 1200-1600 W at
a scan speed of 8-12mm/s for stage 2 while preheating the base plate at a constant rate of 400°C and constant powder
feed rate, beam diameter, and layer thickness of 2 rpm, 2 mm, and 0.5 mm respectively. Using data from Table 5 and the
design tool-STAT-EASE Inc. Design-Expert Software 11, surface plots were developed and displayed in Figures 10 and 11
to show the three-dimensional influence of laser parameters on the microhardness properties of the HEAs.

TABLE 1 Chemical

. . Element Al (at%) Co (at%) Cr (at%) Fe (at%) Ni (at%) Cu (at%)
composition of AlICoCrFeNiCu
HEA Nominal 16.6 16.6 16.6 16.6 16.6 16.6

Cu-based HEA 42.95 11.09 10.24 13.52 10.36 11.84

TABLE 2 Chemical

B 2 Chemical =~ Element Al(at%) Co(at%) Cr(at%) Fe(at%) Ni(at%) Ti(at%)
composition of AITiCrFeCoNi
HEA Nominal 16.6 16.6 16.6 16.6 16.6 16.6

Ti-based HEA 44.12 10.23 10.96 12.55 10.96 11.18
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Factors

Laser power (W) A

Scan speed (mm/s) B
Factors

Laser power (W) A

Scan speed (mm/s) B
Laser power Scan speed

(P) /s) (V) (mm/s)
Factor A Factor B

600 4 2
600 8 2
600 12 2
800 4 2
800 8 2
800 12 2
1000 4 2
1000 8 2
1000 12 2
1200 8 2
1200 10 2
1200 12 2
1400 8 2
1400 10 2
1400 12 2
1600 8 2
1600 10 2
1600 12 2
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Factor code

Factor code

Beam
diameter
(mm)

Level 1

600

Level 1
1200
8

Level 2 Level 3
800 1000

8 12
Level 2 Level 3
1400 1600

10 12

Energy density Cu-based HEA

(E = P/V*d)
(J/mm?)

75
37.5
25
100
50
33.3
125
62.5
41.7
75
60
50
87.5
70
58.3
100
80
66.7

microhardness
Response 1

552
542
579
542
583
587
560
521
574
389
389
700
481
617
746
597
740
837

The number of experiments is calculated by Equation (2)*;

N=ILF

TABLE 3 Stage 1 of the experiment

TABLE 4 Stage 2 of the experiment

Ti-based HEA TABLE 5 Laser fabrication

microhardness parameters

Response 2
684
778
811
689
699
782
667
650
763
380
427
433
400
456
521
380
439
466

()

where N is the number of experiments, F is the number of factors varied, and L is the number of the level set for the
experiment. The final sets of 18 parameters used are shown in Table 5.

2.3 | Laser processing

The samples were prepared by melting the HEA powder onto a mild steel base plate using a 3 kW continuous wave ytter-
bium laser system, with a fitted robotic arm that moves in a multi-axial direction to control the process and a schematic
representation of the laser-material deposition process is shown in Figure 1. The HEAs powder was delivered through
a nozzle filled with argon as a carrier gas and fitted on the laser delivery head. To prevent time lag between the molten
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FIGURE 1 Schematic of the laser process

Nozzle

Powder

Laser Beam

Melt Pool

High Entropy Alloy layer

pool and the coating powder, the powder feeder was switched on for 5 seconds before the deposition starts. The coatings
were synthesized by keeping the beam diameter and powder feed rate constant at 2 mm and 2 rpm respectively while the
laser power and scanning speed varied from 600 to 1600 W at 4-12 mm/s each with a 50% overlap and layer thickness of
0.5 mm. The samples were prepared at a preheat temperature of 400°C.

After coating, the samples were sectioned into smaller pieces with a cutting blade machine and the cross-sections of
the sample were prepared using standard metallographic procedures namely mounting, grinding (grit sizes 80, 320, and
1200), polishing (Tripoli, intermediates and finishing rouge) and etching with aqua regia.

2.4 | Characterization techniques

The characterizations of the samples were achieved using an Olympus BXs; M light optical microscope (OM), XPERT-PRO
X-ray diffraction system (XRD), JEOL-JSM-6010/LA Plus Scanning electron microscope (SEM) equipped with an Energy
Dispersive Spectrometer (EDS).

The microhardness properties of the alloys were measured across the maximum thickness of the coatings using
Matsuzawa Seiki MMT-X series Vickers hardness tester under 200 g load and 10 seconds loading time conditions.

3 | RESULTS AND DISCUSSION
3.1 | Powder analysis

Figures 2 and 3 show the powder SEM/EDS analysis using a JEOL-JSM-6010/LA plus SEM. The powders were generally
smooth in texture with no agglomeration and they had particle sizes from about 45 to 106 pm, which resulted in good
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FIGURE 2 Powder morphology of AICoCrFeNiCu HEA
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FIGURE 3 Powder morphology of AlTiCrFeCoNi HEA

flowability during deposition. There were different morphologies observed; flake irregular shapes were Cr, Fe, and Ti
particles while rounded or fairly spherical shapes were Al, Cu, Ni, and Co particles.**>° A gray and white two-phase
contrast in the powder particles of both alloys were observed, which was also reported by Mohanty, et al.’! The white
contrast corresponds with the Al, Co, Fe, Ni with a low concentration of Cr and the gray contrast corresponds with the Ti
and Cu contents. The average particle size of 54 pm for AITiCrFeCoNi HEA and 45 pm for AICoCrFeNiCu HEA.>1:32

According to Cantor et al,> the general name of elements mixed in equal or near-equal proportions should be called
multicomponent alloys. However, if an alloy composition has high configurational entropy and forms solid solutions, it
should be called HEAs. Furthermore, according to Boltzmann’s theory, thermodynamically these alloys are HEAs because
each alloy contains six principal elements with a high configurational entropy of 1.79R derived from Equation (3); this
high mixing entropy lowers the Gibbs free energy of the amalgams resulting in the formation solid solutions and finally,
each element has an atomic concentration between 5% and 35% which validates cantor’s definition of HEAs.

Asmix = —kInw = R[I’l% RIl’l(n) (3)

where w denotes the number of possible ways of mixes, R denotes the gas constant at 8.314 J/K mol, n denotes the number
of elements in the composition, and k denotes the Boltzmann’s constant.

Elemental composition observations of the EDS analysis of Al, Co, Cr, Fe, Ni, and Cu powders in Figure 2 and Al,
To, Cr, Fe, Co, Ni powders in Figure 3 correspond with what was supplied by F.J Brodmann & CO., L.L.C, USA with the
difference of Cu and Ti in the first and second alloy respectively.

3.2 | Effect of preheating temperature

There are various methods used in optimizing parameters such as; solidification or thermos-mechanical control and
heat treatment.>* The laser additive technique aside from its numerous advantages is also known to cause defects due to
internal stresses depending on the phase transformations, cooling and solidification rate, thermal expansion coefficients,
and so on. To minimize the defects observed on all samples after the first phase of experiments, preheating the base
plates at 400°C was done before deposition. Preheating drives moisture and contaminants, reducing the rate at which
the part cools down, thus preventing locked-in stresses which can inhibit crack formation.>> Given this, samples without
preheating temperature showed extensive cracks compared to those with preheat temperature also reported by Zhang,
et al°® and nine samples which were completely crack-free were obtained from those specimens with 400°C preheat
temperature.’’” The optimal range of scanning speed and laser power for excellent dilution rates which were obtained
from the crack-free samples are 8-12 mmy/s, 1200-1600 W at 400°C preheating temperature, shown in Figures 4 and 5.

The solidification cracks were observed in some samples at a high scan speed and low power input, and at a low
scan speed with high laser power. Previous studies have shown the effect of laser scan speed on the microstructure of
laser-deposited samples.*®>® The microstructure is determined by the solidification conditions; therefore, decreasing the
velocity at an increased laser power reduces the cooling rates as shown by Equation (4) and the thermal gradient Equation
(5), thus transitioning from melting to solidification.
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FIGURE 4 Crack-free samples of AlCoCrFeNiCu and AITiCrFeCoNi
HEAs with optimized parameters of 1200-1600 W and 8-12 mm/s after
preheating temperature

8 mm/s 10 mm/s 12 mm/s

1600 W—

Crack Free Sample-Ti-Based HEA Crack Free Sample-Cu-Based HEA
1400 W—

Crack Free Sample-Ti-Based HEA Crack Free Sample-Cu & Ti-Based HEA
1200 W—

Crack Free Sample-Cu-Based HEA Crack Free Sample-Cu-Based HEA

8mm/s
1000 W
Crack . Crack
800W — /
Crack | crack

600W —

1mm

FIGURE 5 D.O.E plot showing the effect of laser parameters on the microstructure of AICoCrFeNiCu and AlTiCrFeCoNi HEAs after
stage 1 and 2 of experiments

dr _ —27kv((T1—Ty)?
ar p

G = daT _ —27k((T1-Ty)*
T dr Q

“)
(5

Cracking occurs because of thermal stress, thus preheating reduces the stresses. The cooling rate increases propor-
tional to the laser scan speed and it decreases with the increase in laser power. Equation (5) links the temperature gradient
to the baseplate T, and the laser power Q, hence, an increase in the baseplate temperature, reduces the cooling rate and
the thermal stresses. The increment in scan speed during dendrite formation prevented the flow of liquid, which became
crack initiation sites and is influenced by stresses during solidification.®® Thus, the cracks observed at a low scan speed,
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high laser power and energy density are attributed to thermal shrinkage during deposition. At a low scan speed, the alloy
powder becomes fully molten and shrinkage occurs rapidly and generating residual stresses that result in microcracks.®!
Therefore, to reduce the stresses, the preheat temperature of the baseplate was applied from room temperature to 400°C
and held at 400°C. This preheat temperature reduced the cooling rates and ultimately the residual stresses. Nonethe-
less, the samples with optimum scan speed and laser power had the best dilution rates and defect-free structures at
1200-1600 W, 8-12 mm/s and preheating temperature of 400°C in both alloys. At a high scan speed, fast cooling occurs
during solidification of the molten alloy. Nucleation and grain growth also occurs during solidification. Therefore, when
the rapid solidification occurred, aggregates of the alloys within the melt pool had insufficient time for the grains to grow,
resulting in the development of finer grain sizes.6%%3

3.3 | Effect of laser parameters on the phase and microstructural analysis

3.3.1 | The phase analysis

The analysis of the X-ray diffraction patterns of AlCoCrFeNiCu and AlTiCrFeCoNi HEAs using a XPERT-PRO XRD are
shown in Figures 6 and 7 at laser powers of 800 W and 1200 W and varying scanning speeds. The analysis shows a solid

solution of BCC and FCC structures due to the elemental compositions of both alloys. Typical diffraction peaks associated
with Al-FCC, Co-HCP (hexagonal closed-packed), Cr-BCC, Fe-BCC, Ni-FCC, and Cu-FCC for the AlICoCrFeNiCu HEA,
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40 60 80 FIGURE 7 X-ray diffractograms of showing the influence of the

20 (deg.) scanning speed on the phase analysis of the AlTiCrFeCoNi HEA
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and Al-FCC, Co-HCP, Cr-BCC, Fe-BCC, Ni-FCC, and Ti- HCP for AITiCrFeCoNi HEA were identified in the results.®4%°
It was observed, with the origin Pro 8 software, that there were significant effects on the laser parameters on the phase
structures of the alloys as the positions of the peaks of each sample were relatively close when compared on the same
scale despite the variations in parameter.®®%” The changes in compositions of both alloys, that is; Cu in the first alloy and
Ti in the second alloy showed a different amount of phases in each alloy, respectively. There were more BCC and FCC
peaks seen in both alloys attributed to the elements having lower melting points like Al with tendencies to form BCC
phases, dissolving in the matrix of the composition also reported by Moravcik et al.®87° More so, despite the elemental
effect of Cobalt and Nickel forming the FCC phase and Copper segregating to the interdendritic region to form a Cu-rich
FCC phase, the AICoCrFeNiCu HEA was still more of a BCC solid solution structure.””> The AITiCrFeCoNi HEA com-
pared to the AlCoCrFeNiCu HEA had more peaks suggesting either an excessive grain refinement induced by the rapid
solidification process or the lattice distortion effect.®73

For the AlCoCrFeNiCu HEA, the highest peak at 45° showed the BCC phases and most peaks observed were mostly
BCC, however, the FCC peak was more prominent at a scan speed of 4 mm/s. This significant peak occurrence is attributed
to deposition process where higher scanning speeds leads to higher cooling rates and the high rate of cooling during
deposition inhibits the formation of the FCC phase.””> This FCC peak also confirms the segregation of Cu to the inter
dendrites as the peak consists mostly of Cu.”®’” The AICoCrFeNiCu HEA in Figure 6 has its most dominant diffraction
peak at 26 = 44.5° and AITiCrFeCoNi HEA in Figure 7 was at 35.174°. These phases consist of Iron-Nickel and Aluminum
Nickel respectively with solid solubility at 912°C according to TCFE6 thermodynamic database and Thermo Calc.”® There
were no notable changes in the XRD patterns with changes in laser power for the Cu-based HEA yet, at a change in
scanning speed, significant changes were observed.”3! The BCC peaks were more prominent as the scanning speed
increases and the FCC peak showed its angle intensity at lower scan speeds which suggest that the alloy has a higher
volume fraction of the BCC phase and this may be attributed to the high cooling rates during LAM which occurs as
the scanning speed increases which has been reported to be a good influence in inhibiting the formation of FCC phase
structure. Cui et al” fabricated AlICoCrFeNi HEA via laser deposition on an AISI 304 substrate and the authors also
reported the inhibition of FCC structure formation due to the high cooling rates of the deposition process.”*5?

The intermetallic AINi; phase (L1, FCC) is said to be responsible for an increase in the mechanical properties of the
AITiCrFeCoNi alloy.®* The large Al content in AICoCrFeNiCu and Al/Ti content in AlTiCrFeCoNi favored the formation
of more BCC phases over FCC phase and is attributed to the large atomic size of the elements.3* The BCC structure is
known to have lower atomic packing density than the FCC resulting in the accommodation of larger solute atoms.3>86
The gradual change in lattice parameters means fewer weak phases exist within the layers. The XRD spectrum of the
AlTiCrFeCoNi HEA in Figure 7 shows the highest peak consisting of BCC (Cr-Fe) (Fe-Ti) phases with no significant
changes with change in parameters. Titanium is observed to have an impact on the composition of the phases due to its
large atomic radius difference in contrast to other elements while favoring the formation of more BCC phases over FCC
phase.?” The high entropy effect is responsible for the decrease in Gibbs free energy stabilizing the solid solution in the
alloy system, 388

3.3.2 | The microstructural analysis

Figure 8 shows the photomicrograph of the cross-section of the HEAs perpendicular to the build direction and inves-
tigated using an Olympus BX51M light Optical Microscope. The laser energy density was beneficial in the removal of
defects. A decrease in the scan velocity and increase in laser power increased the energy density. It was observed that
after preheating the baseplate, optimized laser parameters between 1200-1600 W and 8-12 mmy/s, all had their energy
densities exceeding 50 J/mm?. Therefore, it can be deduced that high energy densities are beneficial in the elimination
of defects. The parameters showed homogeneously formed microstructures in the clad zones with good dilution zones at
their respective interfaces and adhesion between the baseplates and the clad without defects as shown in Figure 8.

The advantage of the laser deposition technique has over conventional methods is the rapid solidification rate.’® The
dendritic structures observed in Figure 9 are due to the solidification rates during deposition of the HEAs. The image
provides a view of the microstructural contrast between the two HEAs; AICoCrFeNiCu HEA showed columnar dendritic
structure while AlTiCrFeCoNi HEA showed an equiaxed dendritic structure. Columnar dendritic structures are reported
to have a strong preference for growing over one direction, which is almost at right angles with the interface. The AICoCr-
FeNiCu HEA columnar grains were formed under very constrained growth along the direction of the positive thermal
gradient.”! The growth direction of the grains was influenced by the surface energy, the rate of solidification and the
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FIGURE 9 The optical micrograph
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HEA
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growth kinetics. Thus, the grain growth direction resulted in a reduction of the number of grains with orientation facing
the same direction.??3

According to Equation (6), the ASTM grain size number measurements for AICoCrFeNiCu and AlTiCrFeCoNi HEAs
per square inch and at a Magnification of 10X was approximately 4.91 and 5.25 respectively.

N =21 (6)

Where N denotes the number of grains per square inch at a magnification of 100x and n denotes the grain size number.
Fine equiaxed grains observed in AITiCrFeCoNi HEA are known to help limit solidification cracking and improve its
mechanical properties. This is attributed to the presence of the low melting point segregates with high negative mixing
enthalpy consisting of Ni and Al that are distributed over a large grain boundary area; and these grains allow more trans-
port of liquid between the grains.’**> The equiaxed dendritic structure is characterized by a growth structure with similar
sizes in all directions of the melt.°>%” The interface during solidification grows in the direction where the temperature
gradient is at its maximum. The interface growth rate is associated with the laser velocity, thus, the increase or decrease
in solidification rates is influenced by the growth rate (R), scanning velocity and the temperature gradient (G). Therefore,
the relationship between the scanning speed (mm/s) and the dendritic growth rate (R) is expressed in Equation (7).%8

_ Vecosa
cos(a — ff)

(7

where a denotes the angle between the direction perpendicular to the molten pool and the direction of the clad, # denotes
the angle between the growth direction of the dendritic structure.®® At the interface, a minimum R and a maximum G
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will lead to a larger G/R value. Hence, from the interface to the clad surface the ratio of the G/R decreases and this often
makes a dendritic structure.’®!% The columnar dendritic structure of the AlICoCrFeNiCu HEA had a typical dendrite and
interdendrite structure and the interdendritic region showed that it consists mostly of Cu.!%* The segregation of Cu to
the inter dendrite is expected as obtained in the literature. This is attributed to the low binding energy of Cu with other
elements like Co, Fe, Ni, and Cr, yet, it has a high mixing enthalpy with these elements. Thus, during rapid solidification,
copper is displaced and segregates to the interdendritic region.!0>103

The high Al content in both alloys caused spinodal decomposition, which is prevalent in most HEAs containing
aluminum.>? The Al content above 11.0 at% produces redundant aluminum atoms, which form BCC phases with a spin-
odal structure that matches those reported by Wang et al.1%* Al is known to have the FCC structure nonetheless, it is also
known to contribute to the stabilization of the BCC phase.® Aluminum and Nickel in the AITiCrFeCoNi with low melt-
ing points may have entered into the melt pool first through the laser beam, allowing the elements to have enough contact
time to form the AINi3 phase.

3.4 | Effect of laser parameters on hardness

The surface plots in Figures 10 and 11 were extracted from Stat-Ease Design-Expert Software 11 and they show a
three-dimensional representation of the functional relationship between the laser parameters and the microhardness
of the HEAs. A Matsuzawa Seiki MMT-X series Vickers hardness tester under 200 g load and 10 seconds loading time
conditions were used to experimentally investigate the microhardness properties of the HEAs as shown in Figure 12A,B.

The mechanical strength of HEAs in the as-deposited states is greatly dependent on the solidification
microstructure.!® According to the Hall-Petch grain boundary strengthening relation, the equation where o is the
Stephan-Boltzmann constant plus the factor K, times the inverse of the square root of the grain size D, demonstrates
that hardness is greatly improved by grain size reduction in laser deposition, which is as a result of fast cooling given by
Equation (8).1%

00=0; + X/\/p ®)

Generally, there was an increase in the hardness properties of the HEAs from 389 to 837 HV for the AlICoCrFeNiCu
HEA and 380-521 HV as the laser power increases from 1200 W to 1600 W and 1200 W to 1400 W respectively. Therefore,
the laser power had the most significant influence on the mechanical property of the alloys, which is in agreement with
the microstructure. Thus, it is recommended that increasing laser power which increases the energy density can yield
defect-free microstructures and enhanced mechanical properties.
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FIGURE 10 D.O.E surface plot showing the effect of laser parameters on the microhardness of AICoCrFeNiCu HEA (A) stage 1 of
experiments (B) stage 2 of experiments
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FIGURE 11 D.O.E surface plot showing the effect of laser parameters on the microhardness of AITiCrFeCoNi HEA (A) stage 1 of
experiments (B) stage 2 of experiments
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FIGURE 12 Microhardness chart showing stage 1 and stage 2 of experiments (A) AlTiCrFeCoNi HEA (B) AlCoCrFeNiCu HEA

The increase in the hardness properties of the amalgams can also be attributed to the grain boundary strengthen-
ing due to the significant BCC phases observed.!?” This indicates that the BCC phase is stronger than the FCC phase
because in the packing planes {110} of the BCC structure, a slip along this plane is more difficult than the FCC {111} plane.
Furthermore, the denser and regular {111} plane contains lower lattice friction for dislocation motion and greater inter-
planar spacing compared to the {110} plane, thus giving the BCC structure excellent solution hardening mechanism.%®
On the other hand, there were variations with sharp changes in the microhardness values of AITiCrFeCoNi HEA at stage
one of the experiments, which could be attributed to the small hardening effect in the heat-affected zones and the inner
microstructure undergoing intricate phenomena before preheating under reoccurring thermal cycling resulting in the
fluctuation in hardness values.'%

Consequently, the AlTiCrFeCoNi alloy’s had higher hardness values at the first stage of experiments from 600 W to
1000 W attributed to the AINi; phase and the BCC structure.!'® Nonetheless, there was a decline at the second stage of
experiments from 1200 W to 1600 W with an average hardness ranging from 811 to 387 HV compared to AlICoCrFeNiCu
HEA, which ranged from 389 to 837 HV after stage one and two of the experiments. Even so, both alloys showed the good
hardness values attributed to the optimized process parameters, the BCC solid solution phase and the rapid solidification
of the LAM process compared with other conventional methods.!!!
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4 | CONCLUSION

LAM was used to synthesize AlICoCrFeNiCu and AlTiCrFeCoNi HEAs on a steel baseplate, and the effect of laser param-
eters on both compositions was studied. The laser power was varied between 600 and 1600 W with the laser scan speed
varied from 4 to 12 mm/s while the powder feed rate and the gas flow rates were kept constant at 2rpm and 3 I/min,
respectively. The study deduced that:

« Optimizing the laser parameters invariably influenced the performance of the alloys positively with potential coatings
and structural applications.

« The alloys both showed a dendritic structure with FCC and BCC phases.

« The optimized parameters were between 1200 and 1600 W at 8-12 mm/s with a 50% overlap. This shows that the right
combination of process parameters is an important factor in producing homogeneous and defect-free microstructures.

« The AICoCrFeNiCu HEA showed fewer peaks on the XRD graph and had few FCC phases compared to the AlTiCrFe-
CoNi HEA. This is attributed to the difference in Cu and Ti contents, respectively.

« After the first stage of experiments, the AITiCrFeCoNi HEA had higher hardness values than the AICoCrFeNiCu HEA;
however, at the second stage, the AlICoCrFeNiCu HEA showed high hardness than the AlTiCrFeCoNi HEA. This is
attributed to the changes in process parameters and the introduction of the preheating temperature at the second stage.

« Both alloys showed an increase in hardness values at a scan speed of 12 mm/s. This may be attributed to the rapid
solidification of the deposition process which occurs at a high scan speed, and this leads to grain refinement and
enhances the properties of the alloys.
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